Ab initio calculations are used to explore the ground-state potential energy surface for the syn-anti photoisomerization reaction of 5-hydroxytropolone ͑5-HOTrOH͒. Two reaction coordinates are identified, involving 2-OH tunneling and 5-OH torsion. Hartree-Fock ͑HF͒ and perturbation theory ͑at the MP2 level͒ have been used to calculate the stationary points on the two-dimensional surface associated with these coordinates. Similar calculations on the parent molecule tropolone are carried out for comparison. As observed in previous studies, the 2-OH tunneling barrier drops dramatically at the MP2 level which includes electron correlation. Vibrational frequency calculations are carried out for both tropolone and 5-HOTrOH at the HF/6-31G** and MP2/6-31G** levels in order to correlate the modes with those observed experimentally. A method is introduced for evaluating which normal coordinates should be most strongly coupled to a given reaction coordinate. Normalized, mass-weighted intrinsic and direct reaction coordinates similar in form to the normal coordinates are devised by projecting atomic displacements from the reactant structure toward a transition state ͑intrinsic͒ or product ͑direct͒ structure. These serve as limiting cases for the initial projections of the multidimensional reaction trajectories. The intrinsic and direct reaction coordinates are then expanded in the basis set of normal coordinates to obtain coefficients of expansion of the reaction coordinates in this basis set. This simple scheme highlights the subset of normal coordinates which are important in promoting reaction by H-atom tunneling or O-H torsion. In 5-HOTrOH, an in-plane mode calculated at 348 cm Ϫ1 has a large coefficient of expansion along both intrinsic and direct reaction coordinates. This mode is assigned as the ''promoter mode'' W observed in the experimental study of paper I.
I. INTRODUCTION
The experimental work on 5-hydroxytropolone ͑5-HOTrOH͒ presented in the preceding paper ͑paper I͒ has demonstrated high vibrational mode selectivity in the S 0 -S 1 syn-anti photoisomerization of 5-HOTrOH. One of the most important deductions of that study is the identification of a ''promoter mode'' ͑denoted W in paper I͒ which appears to be especially important in enhancing syn-anti coupling in the S 1 state. This in-plane mode is highly Franck-Condon active and is correlated with a vibrational frequency of 336 cm Ϫ1 in the syn and 337 cm Ϫ1 in the anti ground-state wells. What is lacking in the experimental study is direct insight into the nature of this vibrational mode. In particular, we seek a further understanding of why this mode is particularly suited to promote the syn-anti isomerization. Similar questions can be raised about the vibrational mode specificity of the H-atom tunneling splittings observed in the symmetric parent tropolone. [1] [2] [3] [4] Much previous work on intramolecular H-atom tunneling has focused attention on a few spatial coordinates which play key roles in the H-atom tunneling. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Not surprisingly, these coordinates ͑e.g., the O-O distance͒ typically are localized in the vicinity of the tunneling hydrogen atom. Such descriptions have successfully accounted for the magnitude of the tunneling splitting in model polyatomics such as malonaldehyde. 5 They have also demonstrated that heavy atom motion plays a decisive role in determining the rate of H-atom tunneling. 5, 14 However, energy levels calculated in the 2D and 3D potential energy surfaces do not project in a straightforward way onto the vibrational levels of the molecule, 5 as one would wish in addressing questions of vibrational mode selectivity in the tunneling reaction.
In order to identify the promoter mode in 5-HOTrOH, we seek a measure of the effectiveness of each vibrational mode in taking the molecule along the tunneling reaction coordinate. To that end, Sec. II reports ab initio calculations of the structures, normal modes, and vibrational frequencies of the syn and anti ground-state isomers and the tunneling and torsional transition states ͑TS͒ of 5-HOTrOH. Figure 1 presents the molecule and the atomic numbering scheme used throughout this work. The calculations have been carried out at the Hartree-Fock ͑HF͒ and second-order MollerPlesset ͑MP2͒ levels of theory. 16 For comparison, calculations of the C s minimum and C 2v TS structures of tropolone have also been conducted at the same levels of theory. These extend the results of Bock and Redington. 15 In Sec. III the ab initio results are used to define initial projections along the intrinsic 17 and direct reaction coordinate pathways and to determine the overlap of the normal modes with these reaction coordinates. Section IV applies the method first to tropolone and then to 5-HOTrOH. Because the ab initio calculations map out the ground-state surface, their application to syn-anti mixing in the S 1 state must be taken with some caution. Nevertheless, the experimental work of paper I show that the S 0 vibrations provide a reasonable guide to the vi-brations in the S 1 state. Application of the method to 5-HOTrOH leads us to identify a candidate for the promoter mode W, an in-plane mode with calculated frequency of 348 cm Ϫ1 which has unusually large overlap with the intrinsic and direct reaction coordinates for the H-atom tunneling isomerization coordinate.
II. AB INITIO CALCULATIONS AND THE GROUND-STATE REACTION SURFACE
The syn-anti photoisomerization in 5-HOTrOH can occur either by 2-OH H-atom tunneling or by torsion of the 5-OH group through 180 deg. The ab initio calculations on 5-HOTrOH focus on the syn and anti minima, the H-atom tunneling and 5-OH torsional transition states, and the H-atom/5-OH second-order saddle point across which syn/ syn or anti/anti tunneling can occur. These structures and their positions in the tunneling-torsion two-dimensional potential energy surface are shown in Fig. 2 . Note that motion along either the tunneling or 5-OH torsional coordinates induces syn-anti isomerization between inequivalent minima. Coupled motion along both coordinates ͑i.e., along the diagonal͒ connects equivalent minima. The geometry optimizations for these structures were carried out at both the HF and MP2 levels of theory using the 6-31G** basis set, 17 which includes one set of d polarization functions on the carbon and oxygen atoms and one set of p polarization functions on the hydrogen atoms. Analogous calculations on the minimum energy and TS structures of tropolone were carried out using the same basis sets for comparison.
With the exception of the 5-OH torsional TS ͑C 1 ͒ all of the geometry optimizations were carried out with C s symmetry constraints. For the anti isomer, the frequency calculations reveal that the HF/6-31G** C s optimized structure is not a minimum. In this case, the structure was reoptimized with the symmetry constraint removed. The HF/6-31G** and MP2/6-31G** optimized geometries were used for additional single-point calculations with several larger basis sets, including the 6-311G** and the 6-31ϩϩG** basis sets. 18, 19 The latter includes an additional set of diffuse s-and p-type functions on carbon and oxygen atoms and a set of diffuse s-type functions on the hydrogen atoms. All calculations were carried out with the GAUSSIAN92 program. 20 Harmonic vibrational frequencies were obtained for all structures at the HF/6-31G** and MP2/6-31G** levels. Similar calculations for the TS structures for 2-OH tunneling and 5-OH torsion gave a single imaginary frequency in each case. Vibrational frequency calculations for the assumed second-order saddle point at the HF/6-31G** level gave only one imaginary frequency. However, the potential energy surface is very flat over 5-OH torsional angles of 85-95 deg. At the MP2/6-31G** level, two imaginary frequencies were obtained, thereby establishing the structure as a second-order saddle point. Table I lists the HF/6-31G** and MP2/6-31G** optimized bond lengths and bond angles for all of the structures studied here. At the HF/6-31G** level, there is significant bond alternation within the tropolone ring for all of the minima and TS structures. However, at the MP2/6-31G** level, bond alternation is much smaller ͑i.e., the homoaromatic tropolone ring is more delocalized͒. Moreover, the MP2/6-31G** optimized geometry for tropolone is in much better agreement with the geometry obtained from crystallographic data obtained for the tropolone dimer. 21 For this reason, we select the MP2/6-31G** geometries as the most physically meaningful for these species.
The total and relative energies for the minima and transition states of tropolone and 5-HOTrOH at the HF and various MP2 levels are listed in Table II . Several conclusions about the ground-state reaction surface can be drawn from the results of the calculations.
First, the calculations predict that the syn conformer is more stable than the anti conformer. At the HF level, their At both the HF/6-31G** and MP2/6-31G** levels, this structure was nearly planar even though the optimizations were carried out assuming C 1 symmetry. e For tropolone, this value is the C 5 H bond length. f For tropolone, this value is the HC 5 C 4 bond angle.
energy difference ͑733 cm Ϫ1 ͒ is three times the experimental value ͑249 cm Ϫ1 ͒, but the MP2/6-31G** calculations ͑245 cm Ϫ1 ͒ reproduce the experimental value quite closely. As the single-point calculations with larger basis sets indicate, the excellent agreement between MP2/6-31G** and experimental energy differences is somewhat fortuitous, due to a cancellation of errors arising from the use of a modest sized basis set and the recovery of only second-order electron correlation energy.
Second, in both tropolone and 5-HOTrOH, the barrier to H-atom tunneling drops dramatically when electron correlation at the MP2 level is taken into account. This has been noted previously for tropolone 15 and malonaldehyde. 12 In their study of malonaldehyde, Frisch et al. 12 included singlepoint calculations of the tunneling barrier at MP3 and MP4 levels. Based on the observed trends, the authors conclude that the true barrier height is about 30% above the MP2 barrier. Using this number as a guide leads to predicted barrier heights of ϳ2400 cm Ϫ1 ͑6.8 kcal/mol͒ for tropolone and ϳ2600 cm Ϫ1 ͑7.4 kcal/mol͒ for 5-HOTrOH. Note that the calculated transition state is the minimum-energy saddle point in the potential energy surfaces, and may not represent the actual route taken by a multidimensional tunneling reaction. 5 Third, the calculated barrier to 5-OH torsion in 5-HOTrOH is close to that calculated for phenol. 22, 23 HeadGordon and Pople 22 recently carried out calculations on the OH torsional barrier in phenol at both the HF/6-311G** and MP2/6-311G** levels of theory and obtained barriers of 900 and 1176 cm Ϫ1 , respectively. Kim and Jordan 23 have recently carried out extensive calculations of this same barrier using several basis sets and inclusion of electron correlation by means of the MP4 and QCISD͑T͒ methods. Based on their calculations, these authors conclude that phenol's OH torsional barrier is about 1076 cm
Ϫ1
. In 5-HOTrOH, the corresponding 5-OH torsional barrier height changes from 911 to 1312 cm Ϫ1 in going between the HF/6-31G** and MP2/6-31G** levels, indicating a similar magnitude for the barrier to that in phenol and a similar dependence of the barrier on electron correlation. We surmise on this basis that the 5-OH torsional barrier arises largely out of the interaction of the p orbital of the hydroxy oxygen atom and the system in tropolone.
Fourth, at the MP2/6-31G** level the energy of the second-order saddle point ͑relative to the minima͒ is roughly equal to the sum of the 5-OH torsion and 2-OH tunneling barrier heights ͑3333 vs 3203 cm Ϫ1 ͒. It thus appears that the two motions are largely decoupled from one another.
Fifth, even at the MP2 level, the barrier associated with the second-order saddle point is large enough ͑3203 cm Ϫ1 ͒ that syn-syn or anti-anti tunneling splittings induced by the concerted H-atom tunneling/5-OH torsion diagonal pathway ͑Fig. 2͒ would be negligible in the experiment described in paper I. However, higher resolution experiments may be able to detect these splittings, and would provide an additional test of the accuracy of the calculations.
Finally, it needs to be emphasized again that the ab initio calculations map out the ground-state potential energy surface of 5-HOTrOH, while the experimental results of paper I focus primary attention on the molecule's first excited singlet state. Nevertheless, paper I has shown a reasonable one-forone correspondence between the S 0 and S 1 vibrations, so that an exploration of mode specificity in S 0 can shed some light on isomerization in S 1 .
III. AB INITIO CALCULATIONS AND MODE SELECTIVITY: MAPPING NORMAL COORDINATES ONTO REACTION COORDINATES

A. General considerations
At the MP2/6-31G** level, four in-plane vibrations of the syn and anti conformers are calculated to have frequencies in the 300-500 cm Ϫ1 region, and are thereby potential candidates for the promoter mode W in 5-HOTrOH. The mass-weighted atomic displacements associated with these MP2 normal modes are shown in Fig. 3 . A qualitative comparison of the vibrational modes with the syn-to-TS geometry change points to the 348 and 420 cm Ϫ1 modes as vibrations which move the molecule toward the tunneling transition state. Both vibrations move the oxygen atoms toward one another and the tunneling H atom toward the acceptor oxygen, motions one would expect to enhance H-atom tunneling. However, in general it is hard to evaluate the importance of carbon skeletal motion relative to motion by the oxygens and tunneling H atom. It is also difficult to compare one mode to another or to eliminate modes as candidates for enhanced syn-anti coupling.
In 5-HOTrOH there is the additional complication that two syn-anti isomerization reaction coordinates exist: H-atom tunneling and 5-OH torsion. It is our expectation that the H-atom tunneling coordinate is the most effective route for isomerization in the S 1 state of 5-HOTrOH and thus deserves primary attention. The experimental work on FIG. 3 . Normal coordinates of several in-plane ͑aЈ͒ modes in the 300-500 cm Ϫ1 region of 5-HOTrOH. These modes are potential candidates for the promoter mode W found in the experimental study. The vectors represent the mass-weighted atomic displacements of each atom. tropolone [1] [2] [3] [4] has shown that the H-atom tunneling splitting increases by about a factor of 20 upon electronic excitation due to a decrease in the barrier to H-atom tunneling in the S 1 state. Large, mode-specific changes in the H-atom tunneling splitting have been observed in S 1 tropolone. [1] [2] [3] [4] By contrast, if the analogy with phenol carries over to the S 1 state, the barrier to 5-OH torsion in 5-HOTrOH should increase by about a factor of 4 24 upon →* excitation, making it unlikely that the OH torsion will be effective in promoting syn-anti coupling at low energies. Even if one considers only H-atom tunneling, the proper choice of reaction coordinate must be resolved. To see this, Fig. 4 presents a schematic, mass-weighted 2D potential energy surface for H-atom tunneling similar to that used in past studies on malonaldehyde. 5, 6, 13 In Fig. 3 , the coordinates q 1 and q 2 can be loosely associated with the H-atom distance from the O-O midpoint ͑q 1 ϭ0 places the H equidistant between the two oxygens͒ and the O-O distance ͑relative to that at the saddle point͒, respectively. The other 3N-8 vibrational coordinates are then treated adiabatically to produce an effective potential energy surface for reaction.
As is apparent from Fig. 4 , the reaction pathway on this heavy-light-heavy surface can be thought of in one of two limiting cases. The intrinsic reaction coordinate ͑IRC͒ first put forward by Fukui 16 is a steepest descent path in the massweighted Cartesian displacements from the saddle point into reactant and product valleys. As seen in the figure, this pathway is a highly curved, minimum-energy pathway involving extensive heavy-atom motion. 5 In this limit, tunneling through the barrier occurs only at the most favorable heavyatom geometries. Alternatively, the direct, minimum-distance reaction path involves primarily H-atom motion through a much higher tunneling barrier. Here, only heavy atom motion which moves reactants directly to products promotes reaction. In this limit, the transition state energies and structures calculated by the ab initio calculations would be less relevant since the molecule never samples this region of the potential energy surface in the tunneling reaction. The previous studies on model systems such as malonaldehyde 5 have concluded that the actual reaction path is a compromise between these two extremes, i.e., the intrinsic and direct reaction coordinates overemphasize and underemphasize heavy atom motion, respectively.
Thus, in seeking a quantitative measure of the ability of a given normal mode to promote the tunneling reaction, we wish to consider the overlap of the normal coordinates with both intrinsic and direct reaction coordinates, recognizing that the actual path for the tunneling reaction is likely a compromise between the two. 5 Our expectation is that heavyatom motion along the intrinsic path will be most effective in reducing the effective barrier to H-atom tunneling.
B. Methodology
The ab initio calculations provide reactant, product, and TS structures as well as the atomic displacements associated with the normal coordinates for tropolone and 5-HOTrOH. The 3N-6 normal coordinates form an orthonormal set of mass-weighted vibrational displacements, i.e., following mass weighting of the atomic displacements from the calculations ͑as the square root of the mass of each atom͒,
Furthermore, as long as we are careful to exclude internal motions which generate angular momentum, the normal coordinates form a complete basis set for mass-weighted, internal nuclear displacements X. Thus we can write X as a linear combination of the normal coordinates:
Initial projections of the intrinsic and direct reaction coordinates can thus be defined as mass-weighted, normalized displacement vectors located on each atom, similar in form to the normal coordinates. The initial projection of the intrinsic reaction coordinate ͑X IRC ͒ is defined as
where r i TS is the position of atom i with mass m i in the transition state structure, r i syn is the position of atom i in the syn equilibrium structure, and N IRC is a normalization constant. Similarly, the initial projection of the direct reaction coordinate ͑X DIR ͒ is taken to be
with N DIR a normalization constant. To implement these definitions, 25 the center-of-mass of a given minimum energy or TS structure is located and set at the origin of the Cartesian axis system. All of the ab initio structures are then rotated into a reference configuration. In tropolone and 5-HOTrOH, the reference configuration places the seven-membered ring in the x -y plane with the positive y axis bisecting the C 1 -C 2 bond ͑Fig. 1͒.
Simple application of Eqs. ͑3͒ and ͑4͒ with all structures placed in their reference configurations leads to spurious results, because the structural change which occurs in going from reactant to TS or product may incorporate a component of rotation. 26 In order to remove this component of rotation, the TS or product structures must be placed in an orientation relative to the syn conformer which generates no angular momentum. For instance, for the direct reaction coordinate, one compares the anti ͑product͒ structure to the syn structure. The proper orientation for the anti structure, r i a , must be rotated from its reference orientation r i a,0 by an angle in order to make L DIR zero, where
In Eq. ͑5͒, ṙ i ϭ⌬r i ϭr i anti Ϫr i syn is the displacement along the direct reaction coordinate per unit time. 26 For both direct and intrinsic H-atom tunneling coordinates, the angular momentum which must be nulled is about the out-of-plane (z) axis. Thus, Upon determining the angle , the product or TS structure is rotated by ͑typically Ͻ1 deg͒ from its reference configuration, and the intrinsic and direct reaction coordinates are formed according to Eqs. ͑3͒ and ͑4͒, respectively. A total of six reaction coordinates have been calculated: the intrinsic and direct H-atom tunneling coordinates in tropolone and in 5-HOTrOH, and the intrinsic and direct 5-OH torsion reaction coordinates in 5-HOTrOH. These are shown pictorially in Fig. 5 and are listed in Table III .
To determine the overlap of the normal coordinates with the reaction coordinates, the normal coordinate atomic displacements are considered in the reference ͑reactant͒ configuration. After mass-weighting and normalization of the normal coordinates, the overlap is calculated using Eq. ͑2͒. The normal coordinate/reaction coordinate overlap coefficients are collected in Table IV for tropolone and in Table V for 5-HOTrOH. In the case of tropolone, all in-plane vibrations have been included in the table, while for 5-HOTrOH, only those vibrations most relevant to the spectroscopy of paper I are shown. An overlap coefficient of 1 would indicate that that normal mode projects directly along the reaction coordinate, while a coefficient of 0 indicates that the vibrational motion is orthogonal to the reaction coordinate.
IV. DISCUSSION
A. The form of the reaction coordinates
The reaction coordinate projections presented in Fig. 5 and Table III contain several interesting features which deserve discussion.
First, the form of the intrinsic and direct H-atom tunneling coordinates are almost identical in tropolone ͑IRCTR, DIRTR͒ and 5-HOTrOH ͑IRC, DIR͒, especially with respect to the five-membered ring formed by O 1 , C 1 , C 2 , O 2 , and H 2 in which H-atom tunneling occurs. The coefficient of overlap between IRCTR and IRC is 0.998, while that between DIRTR and DIR is 0.940. This is not unexpected, since 5-OH substitution should not induce major changes in the H-atom tunneling reaction coordinate.
Second, both the intrinsic and direct H-atom tunneling reaction coordinates have dominant weighting in motion of the O 1 -H 2 -O 2 triad. In tropolone, the contribution to the normalized reaction coordinate from these three atoms has magnitude:
ϭ0.946 for IRCTR and 0.918 for DIRTR. This result is initially surprising, because formally all of the carbon-carbon bonds except C 1 -C 2 are changing bond order upon reaction. However, the MP2 calculations predict only small alternations in the C-C bond lengths around the ring, resulting in only small carbon-atom motion in moving to the TS or product. If the calculations at the HF level ͑Table I͒ were used in forming the reaction coordinates, significantly greater contributions from the ring would result. Clearly the usefulness of the present method depends critically on the accuracy of the ab initio calculations on which they are built. One consequence of the heavy weighting of the reaction coordinates toward motion of the O 1 -H 2 -O 2 triad is that the coefficient of overlap of a given normal coordinate with the intrinsic and direct reaction coordinates is especially sensitive to the direction and magnitude of vibrational amplitude on these three atoms.
Third, as expected, the direct reaction coordinate projection weights the tunneling H-atom motion ͑with magnitude for the H2 vector of ͉c H2 ͉ϭ0.911͒ much more heavily than O-atom motions ͉͑c O1 ͉ϭ0.076, ͉c O2 ͉ϭ0.079͒, while the H-atom ͉͑c H2 ͉ϭ0.617͒ and O-atom contributions ͉͑c O1 ͉ϭ0.485, ͉c O2 ͉ϭ0.528͒ are comparable in the intrinsic reaction coordinate projection.
Fourth, the direct and intrinsic coordinates differ in the phase of motion of the oxygen atoms. As shown in Fig. 5 , the intrinsic reaction coordinate involves a symmetric wagging of the two oxygen atoms; i.e., in approaching the TS, the two oxygen atoms are drawn together, as one would expect. By comparison, in the final product structure, the oxygen atom receiving the hydrogen atom relaxes back to a geometry in which it is pushed away from the donating oxygen. Consequently, the direct coordinate has a component of asymmetric wag of the oxygens, with opposite phase to the intrinsic coordinate. This difference can produce significantly different coefficients of overlap of a given normal coordinate between IRC and DIR, depending on the relative phase of oxygen motion for the vibration.
Fifth, not surprisingly, the intrinsic 5-OH torsion reaction coordinate ͑IRC5͒ is dominated almost entirely by 5-OH hydrogen atom motion, flanked by a small amount of 5-OH oxygen motion which accompanies internal rotation of the OH. The displacement of the syn structure toward the perpendicular transition state incorporates some in-plane character in X IRC ͑5-OH torsion͒. As a result, IRC5 is not accurately reflecting the initial motion of the 5-OH torsion ͑when treated as a one-dimensional internal rotation͒, which would be purely out-of-plane. This is a limitation of the method, which fails to give an accurate initial projection of the intrinsic or direct reaction coordinates in cases where these coordinates follow highly curved pathways.
B. The coefficients of overlap of the normal coordinates with the reaction coordinates
Tropolone
The coefficients of overlap listed in Table IV include all 27 in-plane modes of tropolone. In tropolone, both intrinsic ͑IRCTR͒ and direct ͑DIRTR͒ reaction coordinates involve only in-plane motions, so only in-plane vibrations have nonzero coefficients of overlap. Note that, as expected, the sum of the squares of the vibrational overlap coefficients equals 1.00, as it should if rotation has been properly excluded from the reaction coordinates.
In most cases, the intrinsic and direct overlap coefficients for a given vibration are of similar magnitude. However, some notable exceptions ͑e.g., the modes with frequencies 370 and 547 cm Ϫ1 ͒ do exist. In these cases, the normal mode has a strong symmetric or asymmetric wag of the oxygens which overlaps well with one reaction coordinate and not the other. a Atomic numbering is given in Fig. 1 . Coefficient of overlap between the normal mode and the intrinsic reaction coordinate in tropolone, IRCTR, as defined in Table III. c Coefficient of overlap between the normal mode and the direct reaction coordinate in tropolone, DIRTR, as defined in Table III.   d Ratio of the tunneling splitting of the S 0 -S 1 X 0 n transition to that at the S 1 origin. For the in-plane modes, nϭ1 while for the out-of-plane modes, nϭ2. Very few vibrations have large overlap with the reaction coordinates. In IRCTR, only three vibrations have coefficients above 0.20, while four exceed this threshold in DIRTR. These vibrations are concentrated in the lowfrequency region around 300-500 cm
Ϫ1
, and in the OH stretching mode. Not surprisingly, DIRTR, with its dominant H-atom motion, has a particularly large overlap with the OH stretching mode ͑0.627͒. The large overlaps of vibrations in the 300-500 cm Ϫ1 region arises because of the heavy weighting of oxygen atom motion in the reaction coordinates. Vibrations which incorporate significant C-O wag are in this frequency range.
Redington 14 has recently analyzed the infrared spectrum of tropolone in a neon matrix. Of the 39 vibrational modes of tropolone, only three fundamentals were reported to have enhanced tunneling splittings in the vibrationally excited states: Q34 ͑CC stretch, 1306 cm ͒. The vibrations in the 300-500 cm Ϫ1 region do not show unusually large tunneling splittings. This is due to the fact that, in the ground state of tropolone, the barrier to H-atom tunneling is large enough that even with strong coupling to the reaction coordinate, tunneling splittings are still small at the low energies associated with these vibrations.
However, the first excited singlet state has a much smaller barrier to H-atom tunneling. The extensive studies of the S 0 -S 1 spectrum of tropolone [1] [2] [3] [4] have led to assignments and tunneling splittings for several prominent modes in the low-frequency region of S 1 . The frequencies and FranckCondon activities of these vibrations show a good one-to-one correspondence between the vibrations in S 0 and S 1 . Table  IV lists the experimental ground-state and excited-state vibrational frequencies of several of these modes, and the most probable correlation with the ab initio calculations.
The comparison with experiment is quite encouraging. Included in Table IV is the ratio of the tunneling splitting at vЈϭ1 in S 1 to that at the S 1 origin ͓i.e., ⌬E(X 0 1 )/⌬E(0 0 0 )͔. In cases where overtones of out-of-plane vibrations are excited, the reported ratio is for the X 0 2 transition. As has been noted by several authors previously, 1, 3, 4 the out-of-plane vibrations Q25 and Q26 strongly inhibit H-atom tunneling relative to the origin. Consistent with this fact, Q25 and Q26 are strictly orthogonal to both IRCTR and DIRTR. In the same way, the in-plane vibrations Q11 and Q12, which are calculated to be nearly orthogonal to IRCTR, are seen experimentally to also inhibit tunneling. However, Q13 and Q14, which have large overlaps with IRCTR, have tunneling splittings 60% greater than the S 1 origin.
The correlation of experimental tunneling splittings with the coefficients of overlap with DIRTR is much less clear for Q11 -Q14. All four vibrations have similar sized overlaps with DIRTR, and no clear trend exists. This suggests that motion along the intrinsic reaction coordinate is more effective in promoting tunneling than motion along the direct reaction coordinate. We are thereby left with a physical picture of the vibrationally mediated tunneling reaction as a two-step process in which the vibration moves the molecule up the reactant valley toward the transition state, followed by tunneling through a reduced barrier into the product channel ͑Fig. 4͒.
Regarding the higher frequency modes in S 0 , the match-up is less satisfying. Experimentally, 14 the OH stretch (Q27) splitting in S 0 is large, but has not been quantitatively measured due to the weakness and breadth of the transition ͑the OD stretch splitting in TrOD is 15.6 cm Ϫ1 ͒. Not surprisingly, this mode is also calculated to have a large overlap with the reaction coordinates, especially with DIRTR. In the case of the C-C stretch (Q34), the pair of transitions originally assigned as a tunneling doublet in the experimental study 14 has been reassigned 15 subsequently as separate combination bands. Thus, this mode can no longer be considered to enhance H-atom tunneling. Finally, the fundamental assigned to the carbonyl stretch ͑Q31, 1565 cm Ϫ1 ͒ has an estimated gas phase vЉϭ1 tunneling splitting of 16.3 cm
. As Table V indicates, the present calculations show partial CϭO stretch character in modes at 1641 and 1717 cm
. However, neither mode shows significant overlap with the reaction coordinates. On the other hand, the 1677 cm Ϫ1 mode, straddled in frequency by the CϭO stretch bands, shows larger overlaps with the reaction coordinates. Whether the theory, ab initio calculation, or experiment is responsible for this discrepancy is unclear.
5-hydroxytropolone
The primary goal of this work is to identify the promoter mode W which experiment has shown plays a major role in enhancing syn-anti coupling in 5-HOTrOH ͑paper I͒. This vibration is a low-frequency, in-plane vibration ͑335 cm Ϫ1 in the ground state, ϳ310 cm Ϫ1 in the S 1 state͒ in the same frequency region as Q13 and Q14 in tropolone. 4 Table V lists the reaction coordinate overlaps of a select group of vibrations in 5-HOTrOH, including in-plane vibrations in the 300-500 cm Ϫ1 region which are candidates for mode W. Note that a standard scaling 27 of the MP2 vibrational frequencies ͑by 0.9427͒ yields frequencies for the in-plane modes in excellent one-to-one correspondence with the experimental ground-state frequencies.
The correlation between the low-frequency modes in 5-HOTrOH and tropolone is shown in Table VI as a coefficient of overlap between the vibrations. In calculating the overlap, the motion of the hydrogen in the 5 position in tropolone is compared with the motion of the 5-OH oxygen in 5-HOTrOH. For the most part, a one-to-one correspondence exists between modes in the two molecules. The notable exception is mode Y in 5-HOTrOH ͑381 cm Ϫ1 ͒, which is a 5-OH in-plane bend with no corresponding mode in this frequency range in tropolone.
Interestingly, the strong correspondence between the other tropolone and 5-HOTrOH modes does not necessarily translate into similar overlaps with the H-atom reaction coordinates. As noted earlier, in determining overlaps with the reaction coordinates, the magnitude and direction of the atoms in the O 1 -H-O 2 triad plays a crucial role. For example, the mode at 370 cm Ϫ1 in tropolone has a large overlap ͑0.827͒ with the mode at 360 cm Ϫ1 in 5-HOTrOH, yet the former has a c IRC ϭ0.509 while the latter has a c IRC value of only 0.023. Inspection of these modes indicates that they differ significantly in the directions of the oxygen atoms' motion.
As with tropolone, the experimental data on syn-anti coupling in 5-HOTrOH focuses on the low-frequency region of the S 1 state. The correspondence between the S 0 and S 1 vibrations is reasonably good; however, some Fermi resonance mixing is present in S 1 ͑paper I͒. Despite this, the striking result of the calculation of overlap coefficients is that the mode at 348 cm
Ϫ1
, which closely matches the promoter mode W in frequency, has a very large overlap coefficient ͑0.670͒ with the H-atom intrinsic reaction coordinate. This normal mode is shown in Fig. 3 . It is describable as a symmetric wag of the two C-O groups which brings the oxygen atoms toward one another, thereby decreasing the tunneling distance for the H atom. Also consistent with experiment is the fact that modes X and Y, which are seen experimentally to have little syn-anti mixing in S 1 , have small coefficients of overlap with the reaction coordinates.
The only other vibration in the 300-500 cm Ϫ1 frequency region with a large overlap with the reaction coordinates has a frequency of 420 cm
. This frequency clearly does not correlate as well with W as the 348 cm Ϫ1 mode. We tentatively assign the 420 cm Ϫ1 mode to mode Z ͑experimental frequency 399 cm Ϫ1 ͒. Having made this assignment in the ground state, we are faced with the fact that in S 1 , this mode does not show strong syn-anti mixing. The reason for this discrepancy may be the aforementioned sensitivity of the reaction coordinate coefficients to the direction of O 1 -H-O 2 motion. If mode Z in the S 1 state has perturbed motion in these atoms relative to that from the S 0 calculations, this would explain its lack of syn-anti coupling. Alternatively, the reaction coordinates themselves may need to be modified somewhat in S 1 relative to the present ground-state calculations.
Finally, Table V also includes overlap coefficients for the 5-OH torsional reaction coordinate, which also could induce syn-anti isomerization. Note that none of the in-plane modes in the 300-500 cm Ϫ1 region have significant overlap with this coordinate. This confirms that it is the H-atom tunneling coordinate, rather than the 5-OH torsional coordinate, which is primarily responsible for the syn-anti coupling observed in 5-HOTrOH. Obviously, the 5-OH torsional reaction coordinate ͑IRC5͒ maps very closely onto the 5-OH torsional vibration. In fact, the value of intrinsic coordinate overlap coefficient, c IRC ͑5-OH͒ϭ0.689, is just the out-of-plane component of IRC5.
V. CONCLUSIONS
We have presented a method which uses ab initio calculations of the reactant, product, and transition states of an intramolecular isomerization reaction to predict which vibrational modes hold greatest promise as mode-specific promoters of the isomerization. The method has been used to assign the promoter mode W in 5-HOTrOH as a symmetric in-plane wag of the oxygen atoms.
The method has provided a useful comparison with the experimental study of paper I. In principle, such calculations could be used as the starting point for n-dimensional subspace calculations of mode-specific effects in H-atom tunneling. This would have the advantage of facilitating a more direct connection with experimental observables than the n-dimensional calculations involving localized O 1 -H 2 -O 2 spatial coordinates.
A significant deficiency of the application of these methods to tropolone and 5-HOTrOH is that the calculations are ground-state calculations, while syn-anti mixing is most sensitively probed experimentally in the S 1 state. Clearly, as algorithms for calculating excited states improve, such calculations can be carried out directly on the S 1 state, and will provide much additional insight to the vibrationally modespecific behavior observed there.
Finally, while the method may identify which modes project along the reaction coordinates, other features of the isomerization must also be taken into account in answering questions of mode specificity. For example, the energy of the vibrations relative to the barrier to tunneling will determine the efficiency of tunneling. In addition, processes such as Fermi resonance ͑at low energies͒ and IVR ͑at higher energies͒ will mask the mode-specific effects if such mode mixing is efficient. 
